We have determined the complete nucleotide sequence of coxsackievirus A21 (CAV-21), the first member of this enterovirus subgroup to be analysed in molecular detail. The sequence, which is 7401 nucleotides long, encodes an open reading frame of 2206 codons, preceded by a 5' non-coding region of 711 nucleotides and followed by a 3' noncoding region of 72 nucleotides plus a poly(A) tract. The most striking feature is the remarkable homology to the poliovirus (>90G at the amino acid level) in the
INTRODUCTION
The enterovirus genus of the family Picornaviridae includes several extremely important pathogens, which produce a broad range of disease patterns and exhibit diverse tissue tropisms (Grist et al., 1978) . The viruses consist of an icosahedral particle approximately 28 nm in diameter, made up of 60 copies each of four viral proteins VP1 to 4, enclosing a positive-sense, single-stranded RNA genome of around 7400 nucleotides (Rueckert, 1985) . The RNA is linked covalently to a small protein, VPg, at its 5' terminus, is polyadenylated at its Y terminus and encodes a single, large polyprotein which is cleaved by viral proteases to produce all the mature viral proteins.
We have initiated a project with the ultimate aim of understanding the molecular basis of the tissue tropisms and pathogenicities of enteroviruses. Of initial interest is coxsackievirus A21 (CAV-21), a virus which causes a mild, upper respiratory tract infection similar to that produced by another genus of the Picornaviridae, the human rhinoviruses (HRVs). CAV-21 has also been shown, by competition binding studies, to share a common receptor with HRVs of the major receptor group (Lonberg-Holm et al., 1976; Abraham & Colonno, 1984) , recently identified as intercellular adhesion molecule 1 (Greve et al., 1989; Staunton et al., 1989) . Potentially, therefore, studies on this virus and comparisons with other enteroviruses and HRVs, several of which have now been extensively characterized, may shed light on the molecular determinants of pathogenicity and the role of receptor binding in the disease process. CAV-21 is also of particular interest as a member of the coxsackie A group, 23 important viruses which, in contrast to other groups in the picornavirus family, have been relatively little studied and for which no complete nucleotide sequences have been published. Our previous work has shown that CAV-21 is very similar to the polioviruses in the 3' region of the genome, suggesting a very recent evolutionary divergence (Hughes et al., 1987) . To gain a better understanding of
RESULTS AND DISCUSSION
The complete nucleotide sequence and the predicted amino acid sequence of CAV-21 are shown in Fig. 1 . The length of the genome is 7401 nucleotides excluding the poly(A) tract and the nucleotide composition (as DNA) is A 29.6~, C 22.3~, G 22-9~ and T 25.2~. There are seven AUGs in the first 712 nucleotides of the 5' region of the genome. All except the one at position 712 are followed closely by stop codons and only this one is in an optimal context for translation initiation (Kozak, 1989) . This, together with comparisons of available sequences from other enteroviruses and rhinoviruses, intimates that the AUG at position 712 initiates synthesis of the viral polyprotein. The open reading frame extends for 6618 nucleotides and is followed by a 3' non-coding region of 72 nucleotides and a poly(A) tract.
The non-coding regions
The nucleotide sequences of several picornaviruses have been determined and these show that the enteroviruses and rhinoviruses are closely related to each other while the aphthoviruses, cardioviruses and hepatitis A virus (nominally an enterovirus) form much more distinct groups (Toyoda et al., 1984; Stanway et al., 1984a; Skern et al., 1985; Duechler et al., 1987; Lindberg et al., 1987; Iizuka et al., 1987; Jenkins et al., 1987; Inoue et al., 1989; Earle et al., 1988; Carroll et al., 1984; Palmenberg et al., 1984; Najarian et al., 1985; Pevear et al., 1987) . In addition, sequence comparisons show that the 5' non-coding region is often the most conserved region of the genome. As seen in Table 1 , CAV-21 conforms to this pattern, exhibiting a high degree of homology to the other enteroviruses [coxsackie B viruses (CBVs), polioviruses (PVs), swine vesicular disease virus (SVDV), bovine enterovirus (BEV)] and HRVs. In particular, CAV-21 is closely related to the PVs (81.4 to 82.3 ~ homology). Alignment of the sequences reveals large blocks of homology between all the entero/rhinoviruses. At position 438 in CAV-21, there is a stretch of 30 nucleotides which are conserved between the enteroviruses, and within this region 23 and 28 bases are, respectively, common to HRV-14 and HRV-1B. Other large blocks of homology between all the viruses start at positions 530 and 602 in the CAV-2I genome, extending in each case for approximately 30 bases. The function of these sequences is not yet known but their conservation clearly suggests a key role in the virus replicative cycle.
Previous work has shown that although rhinoviruses and enteroviruses are very closely related in molecular terms, one major difference is the length of the 5' non-coding region (Stanway et al., 1984a; Hughes et al., 1988) . In the enteroviruses studied to date, this region is approximately 740 nucleotides in length, in contrast to the 600 to 620 nucleotides found in the rhinoviruses. The extra length is due to a relative insertion in the enteroviruses immediately preceding the AUG that initiates the long open reading frame. The sequence of this region is highly diverse between different enteroviruses possibly indicating that it has no critical function. Indeed, it has recently (Earle et al., 1988) .
As discussed earlier there are six AUGs prior to the polyprotein initiation codon. Three of the six AUGs, at positions 320, 456 and 585 in CAV-21 are conserved between all the viruses examined, another two at positions 383 and 514 in CAV-21 are common to both rhinoviruses and CAV-21 but are not present in the enteroviruses. This is unusual considering that the flanking sequences of the AUGs at positions 383 and 514 in CAV-21 are more homologous to the enteroviruses than to the rhinoviruses. Predicted translation of the 5' region reveals several putative open reading frames, the longest of which has a coding capacity of 43 amino acids. However none of the AUGs for these reading frames appears in a favourable Kozak consensus, nor are the reading frames conserved between all the viruses, which suggests that they are not involved in the production of functional peptides. It now seems likely that picomavirus translation occurs after internal entry of ribosomes onto the virus RNA, in the case of PV probably reasonably close to the initiation codon (Pelletier & Sonenberg, 1988; BienkowskaSzewczyk & Ehrenfeld, 1988) . Thus, these upstream AUGs probably have little effect on virus replication.
As we have reported already, the 3' non-coding region of CAV-21 is essentially identical to that of the PVs with just two base substitutions, i.e. one base insertion and one base deletion in the 72 nucleotides (Hughes et al., 1987) . This region has been shown to be almost perfectly conserved between PV types 1, 2 and 3 with homologies of98~ (Toyoda et al., 1984) . Although large blocks of homology are apparent between CAV-21 and CBVs in this region, there is significant variation in sequence and length, including a 30 base insertion following the stop codon in CBVs compared to CAV-21 and the PVs. SVDV, which closely resembles a CBV, has a similar insertion. There is little homology in the 3' non-coding region between the rhinoviruses and the enteroviruses.
Translated region
A comparison of amino acid sequences of the CAV-21 proteins with those of several enteroviruses and rhinoviruses is shown in Table 2 . It is clear that throughout the translated region, CAV-21 is more similar to the PVs than to any other virus. The relationship to CBVs is much less close despite the similar characteristics in the mouse model used to classify enteroviruses. The least related virus is BEV which is relatively dissimilar to all the other enteroviruses. The degree of homology to the PVs is particularly marked in the polymerase gene (3D) where, as we have already reported, at 97.6~ the homology is similar to that seen between PV strains (Hughes et al., 1987) . The viral proteins 3A, VPg and the 3C protease also show greater than 90 ~ homology to the PVs. There is, however, a marked drop in homology to around 80~o in the other non-structural proteins. This pattern of homology is not seen between the PVs which show much less than 10~ divergence across the P2 region as a whole ( 1930 19~0 1950 1960 1970 •TTAT•TTGCAATGGGGAAAAAGAAAAGAGACATTCTAGACA•ACAGACCAGGGATACT  6250  6260  6270  6280  6290  6300  6310  6320  6330  6340  6350 6360 This remarkable similarity of the P3 proteins and 3' non-coding sequence, together with the greater diversity of the rest of the genome, may suggest that the strain of CAV-21 sequenced has undergone a relatively recent recombination event with a PV. The relationship between CAV-21 and PV type 1 is shown diagrammatically in Fig. 2 where a vertical line is scored at the genomic position of every amino acid difference. A comparison between PVs 1 and 3 is also shown. If a recombination event has occurred, one likely cross-over point is somewhere within the 3A protein where there seems to be an increase in the number of amino acid differences seen in the CAV-21/PV comparison relative to the PV/PV situation. It is not clear which PV serotype may have donated the 3' region during the putative recombination. This is not surprising since, as we have shown, there can be as much diversity of the P3 proteins within a PV serotype as between serotypes, and this makes identification impossible solely on the basis of P3 sequences (Hughes et al., 1986) . Recombination at reasonably high frequencies has been demonstrated to occur in vivo between the different serotypes of PV administered during vaccination (Kew & 
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recombination has occurred but it may be possible to study this further by analysing independent isolates of CAV-21.
Capsid proteins As expected, the regions showing the least homology to the PVs are the capsid proteins, VP4, VP2, VP3, and in particular VP1. Even these proteins, considering they are responsible for the distinct serological and receptor-binding properties, are quite similar. VP1 which contains the immunodominant antigenic site in PV type 3 , and which together with VP3 is thought to make up the canyon implicated in receptor binding of the virus (Rossmann et al., 1985) is still 56.4 to 59.4 ~ homologous. It is interesting that overall amino acid homologies fail to explain the similarity in pathogenicity and receptor specificity to the rhinoviruses. Although CAV-21 infects the same tissue as the rhinoviruses, including HRV-14 and HRV-1 B, and shares a receptor with several (including HRV-14), there is considerably less homology than to the PVs. VP1 is only 38.3 and 35.9~o homologous respectively to those of HRV-14 and HRV-1B. Indeed, the homology seen in VP 1 between CAV-21 and the PVs, which have distinct receptor-binding properties, is much higher than that exhibited between two rhinoviruses, HRV-89 and HRV-14, (38 ~) which share the same cellular receptor (Duechler et al., 1987) . In addition to analysing overall amino acid homologies, we have performed more detailed comparisons and alignments, paying particular attention to the amino acids which make up the canyon, the region proposed to be the receptor-binding domain on the basis of structural studies and recently demonstrated directly to play some role in this process (Colonno et al., 1988) . These have failed to show any obvious correlation between amino acid sequences and receptor specificity (data not shown). Thus the present results do not enable the identification of a molecular basis of receptor specificity and its elucidation may well have to await the results of direct manipulation of the viral coat proteins via infectious cDNA or RNA, and/or the determination of the threedimensional structure of other rhinoviruses and enteroviruses.
Protein processing
Because of the high levels of homology to the PVs throughout the genome, it is relatively easy to predict the polyprotein cleavage sites by direct alignment and these are shown in Table 3 . It would appear that the CAV-21 3C protease utilizes the same glutamine-glycine (Q/G) cleavage site as its PV counterpart. In addition, the autocatalytic VP4/VP2 cleavage is likely to occur at the equivalent asparagine-serine (N/S) site and be mediated by a conserved serine residue located at position 10 in VP2 (Arnold et al., 1987) . The cleavage site between P1 and P2, which is thought to be recognized by the 2A protease, is slightly ambiguous (Toyoda et al., 1986 ). It appears that a phenylalanine-glycine (F/G) may be used but there are two such sequences in tandem at the putative VP1/P2-A boundary. We feel that the first of these is probably recognized, as it can be aligned directly with the tyrosine-glycine (Y/G) utilized in PV type 1 and the proposed threonine-glycine (T/G) cleavage site in CBV-1 (Iizuka et al., 1987) . This of course would have to be confirmed by protein sequencing. 
Codon usage
We have pointed out previously that in the translated region of rhinoviruses there is a marked preponderance of A and U residues, particularly in the third position of codons . In the most extreme case (HRV-1B) over 73~ of codons are --U or --A while HRV-14, which is more enterovirus-like in terms of protein homology, has approximately 66~ of such codons (Table 4 ). The enteroviruses sequenced to date show a much more even distribution in the third position, with the majority having a slight --G/--C bias. This is most marked in SVDV (56.1~ --G/--C) and is marginal in CBVs (51.6 to 52-7~ --G/--C) and BEV (53.1~ --G/--C). Polioviruses have a very slight --U/--A preference (51.0 to 51.9~) and interestingly this imbalance is more marked in CAV-21, the figures being 55.3 ~o --U/--A, 44.7~ --G/--C. If, as we have suggested, the A/U imbalance of rhinoviruses is a result of their temperature optimum, which may be in turn connected with their site of infection , it is tempting to speculate that the slight imbalance seen in CAV-21 is also related to the fact that the virus infects the nose. One possibility is that CAV-21 is in a relatively early stage of adaptation to a new site of infection. To test this hypothesis, it would be interesting to determine the A + U content of early and more recent isolates of the virus to see whether any adaptation has occurred. This would also shed light on other interesting aspects of the sequence, namely the possibility of recombination and the length of the 5' non-coding region. With the advent of the polymerase chain reaction and its application to picornaviruses, such experiments can be performed readily and should contribute greatly to our understanding of virus evolution and pathogenesis (Saiki et al., 1988 ; Gama et al., 1988) . This work was supported by grants from the Society for General Microbiology and the Medical Research Council.
